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A critical assessment of the evidence from XAFS and
crystallography for the breakage of the imidazolate bridge
during catalysis in CuZn superoxide dismutase
Loretta M Murphy, Richard W Strange and S Samar Hasnain*
Background: Copper–zinc superoxide dismutase (CuZn SOD) protects cells
from the toxic effects of superoxide radicals. Key steps in the catalytic
mechanism of CuZn SOD are thought to be the breakage of the imidazolate
bridge between copper and zinc upon reduction of the copper site and the
subsequent proton donation from the bridging histidine. This view has been
recently challenged by a crystallographic study at 1.9 Å resolution where
evidence for a five-coordinate copper site in the reduced enzyme was provided.
In contrast, a crystallographic study of yeast CuZn SOD at 1.7 Å has confirmed
the breaking of the bridging histidine in reduced crystals. We have examined the
nature of the changes in metal coordination which result upon reduction of the
enzyme using the X-ray absorption fine structure (XAFS) technique. 
Results: The copper and zinc K-edge XAFS data of bovine SOD, recorded in
the buffer systems used in the two crystallographic studies, were analyzed by
constrained refinement using fast curved wave theory, taking full account of
multiple-scattering effects. The study confirms that in the oxidized form of the
enzyme the copper atom is five coordinate, with four histidine ligands at
1.99 ± 0.02 Å and a water molecule at 2.18 ± 0.03 Å. In the reduced form of
the enzyme, one of the histidine ligands and the water molecule are lost from
the inner coordination sphere of the copper, with the three remaining histidines
ligated at 1.97 ± 0.02 Å. The X-ray absorption near edge structure (XANES) of
the reduced enzyme is consistent with an approximate trigonal planar
geometry at the copper site. The XAFS at the zinc K-edge is essentially
identical in both the oxidized and reduced enzyme and is accounted for by
three histidines coordinated at 2.01 ± 0.02 Å and an aspartate ligand at
1.96 ± 0.03 Å.
Conclusions: The existence of a three-coordinate cuprous ion in bovine CuZn
SOD is demonstrated and is a key feature of catalytic degradation of superoxide
substrate by SOD involving alternate Cu(I) and Cu(II) states of the enzyme. Only
subtle changes in the zinc K-edge XAFS take place upon reduction. Thus the
reaction mechanism which involves breakage of the bridging histidine is
unambiguously supported by the XAFS data.
Introduction
Copper–zinc superoxide dismutase (CuZn SOD) protects
cells from the toxic effects of superoxide radicals which are
formed from the partial reduction of dioxygen. A link
between single site mutation CuZn SODs and familial
amyotrophic lateral sclerosis has recently been highlighted
[1,2]. Thus, there is continued interest in understanding
both structural and functional aspects of this enzyme. CuZn
SODs are dimeric in nature, containing one copper and one
zinc per identical subunit (subunit Mr =16000). The gener-
ally accepted mechanism of dismutation involves cyclic
reduction and reoxidation of Cu(II) and Cu(I), respec-
tively, by single molecules of superoxide (equations 1 and
2) [3–5]. 
O2
.– +Enz–Cu2+ → O2 +Enz–Cu+ (1)
Enz–Cu+ +O2
.– +2H+ → Enz–Cu2+ +H2O2 (2)
The structure of the metal sites of CuZn SOD whilst the
enzyme is in the oxidized and reduced states is central to
understanding the catalytic mechanism. X-ray crystallogra-
phy [6–11] and extended X-ray absorption fine structure
(EXAFS) studies [12–15] have both played significant
roles in elucidating structural features of CuZn SOD. In
1982 a 2Å resolution crystal structure of the oxidized
bovine CuZn SOD (BSOD) was published which showed
that the active site is binuclear, with Cu(II) and Zn(II)
ions bridged by the imidazolate ring of His61 [6]. The
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copper ion is coordinated by four histidine residues and a
water molecule arranged in a distorted square pyramid.
The zinc ion is coordinated by three histidine residues
and an aspartate in a distorted tetrahedron. Subsequently,
crystallographic structures of oxidized CuZn SODs from
human, yeast, spinach and frog have been reported which
show identical coordination spheres in their binuclear
active sites [6–11,16].
A detailed catalytic mechanism was proposed by Tainer
et al. [7] which accommodated the evidence from many
spectroscopic studies as well as structural features derived
from the 2Å crystallographic study of BSOD. Key ele-
ments of the proposed mechanism were the suggestion of
three-coordinate Cu(I) and breaking of the imidazolate
bridge to copper upon reduction. As the lifetime of the
transition state BSOD–O2– complex is extremely short
there is no direct structural information available. Theoret-
ical studies [17,18] predict that the reaction of a single
superoxide anion with Cu(I), in the presence of Arg141, is
energetically unfavourable and that a protein stabilized
cupric complex is initially formed which is reduced by a
second molecule of superoxide through outer sphere elec-
tron transfer. On the basis of their calculations Osman and
Basch [17] proposed a mechanism that does not require
the breaking of the imidazolate bridge and that cuprous
ion remains five coordinate. A serious difficulty with ab
initio calculations are that the active site has to be mod-
elled in a relatively simple way. The most sophisticated
study uses a model consisting of copper, four imidazoles
and an ammonium ion (representing Arg141) [19]. Calcula-
tions were performed on a vacuum cluster and the effects
of solvent were also considered. The vacuum cluster calcu-
lation was in general agreement with the mechanism 
proposed by Osman and Basch [17]. However, Carloni et
al. [19] stated that if potential solvent effects were consid-
ered then the mechanism proposed by Tainer et al. [7]
could also be theoretically justified. The ability of the
His61 bridge to break and reform sufficiently quickly at
saturating levels of substrate has also been questioned,
although at lower concentrations His61 can dissociate [20].
The first direct structural evidence to support the pres-
ence of three-coordinate copper in the reduced enzyme
came in 1984 from the EXAFS study by Blackburn et al.
[14]. However, it was only recently that a crystallographic
structure of reduced BSOD was published [21]. The criti-
cal feature of this BSOD structure is that the reduced
copper site is virtually unchanged from the oxidized state.
As this was contrary to available structural and spectro-
scopic data, including their own NMR study, the authors
repeated their experiments on another crystal, which only
confirmed the earlier result [22]. The two independently
refined models both provided a solution showing that
reduction of the copper site resulted in a slight increase 
in the copper–ligand distances. The two data sets were
merged to provide a high quality data set at 1.9Å resolu-
tion which shows reduced copper still ligated by four his-
tidines with a water molecule present at ~3Å. His61 is
coordinated at an average distance of 2.17Å; the average
first shell coordination distance for the four histidines is
2.16Å. Electron paramagnetic resonance (EPR) of a single
crystal used in the crystallographic data collection con-
firmed that the copper site was indeed reduced. A cat-
alytic mechanism was proposed that involves the relaying
of protons from the solvent to the active site by ordered
water molecules, thus removing the requirement of His61
as a proton donor [22].
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Figure 1
Stereo picture showing the copper and zinc
sites in the reduced form of yeast SOD
[23,40]. Residues involved in metal ion
coordination are labelled; the zinc and copper
ions are shown as pink and white spheres,
respectively. The bridging imidazole His63
(shown in red) is no longer coordinated to
copper.
The debate about reduced BSOD has been further fuelled
by the appearance of a 1.7Å resolution crystal structure 
of a related CuZn SOD from yeast [23], where during 
the course of crystallization, the majority of enzyme had
become reduced (as confirmed by EPR). The structure of
the copper site was found to be three coordinate, with dis-
placement of the bridging imidazolate (His63; the num-
bering of yeast SOD is displaced by two compared to
BSOD) to ~3Å (Fig. 1). 
Here, we present results of an XAFS study of both the
copper and zinc sites of oxidized and reduced BSOD.
Through the use of fast curved wave theory [24], including
multiple-scattering contributions [25], together with con-
strained refinement [26], a detailed structure of the active
sites is elicited. Incorporating multiple-scattering infor-
mation from imidazole enables a distinction to be made
between different types of inner shell low atomic number
(Z) ligands (e.g. water from histidine) and allows determi-
nation of the number of imidazole scatterers present [27].
The use of constrained refinement [26] minimizes the
number of refineable parameters and in all cases here a
ratio of 1:2 is maintained with respect to the number of
independent data points. We provide unambiguous evi-
dence confirming that reduction of the enzyme causes dra-
matic changes at the copper site resulting in the loss of one
histidine from the inner-coordination sphere. The best fit
to the EXAFS data of the reduced enzyme is obtained
with a three-coordinate copper site (three histidines).
Attempts to model the EXAFS assuming either four or five
ligands in the inner-coordination sphere (i.e. at 2.0±0.1Å)
of the copper resulted in physically unrealistic parameters
or major deterioration in the quality of the fit. However,
some evidence exists for the presence of a low Z atom at 
a longer distance (~2.4Å) but with a large Debye-Waller
term (0.030Å2), suggesting that the position of this atom 
is ill-defined.
Results and discussion 
Oxidized versus reduced copper and zinc XAFS data 
Figure 2a compares the X-ray absorption near edge struc-
ture (XANES) spectra of oxidized and reduced BSOD
recorded at the copper K-edge. These data suggest that
the copper site undergoes a major structural change upon
reduction. The XANES data for the reduced enzyme were
recorded on samples with three different buffer systems,
including those used in the two crystallographic studies
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Figure 2
Comparison of the normalized X-ray absorption data for BSOD.
(a) Oxidized (solid line) and reduced (dashed line) copper K-edge
spectra, showing significant differences in the copper site structure.
(b) The copper K-edge data for the reduced enzyme using Tris,
phosphate and borate buffer systems. (c) Oxidized (solid line) and
reduced (dashed line) zinc K-edge spectra, showing only minor
differences exist in the structures of the zinc sites.
[21,23], and are shown in Figure 2b. It is clear that the
structural changes accompanying reduction are identical in
each buffer system. The XANES of the reduced enzyme
has several features which distinguish it from its oxidized
counterpart: a significant feature is the strong peak at
~8983eV, also observed by Blumberg et al. [12] and Black-
burn et al. [14]. A comprehensive study by Kau et al. [28]
focused on correlating the features present in copper
K-edge XANES spectra with coordination number and
oxidation state of the metal. It was demonstrated that 
all Cu(I) complexes possess a low energy peak at 8983–
8986eV arising from a 1s→4p dipole allowed transition,
and that the shape and intensity of the peak is related to
the ligation and site geometry of the metal. Complemen-
tary studies by Blackburn et al. [29] further demonstrated
that the intensity of the ~8983eV peak for three-coordi-
nate Cu(I) complexes is correlated with the degree of dis-
tortion from the CuN3 plane. Based on these studies, the
copper XANES data are most consistent with an almost
trigonal-planar coordination in the reduced enzyme.
The zinc K-edge XANES spectra (Fig. 2c) indicate that
only limited structural differences exist between the zinc
sites in the oxidized and reduced enzyme. The small
changes in the shape and intensity of the features at
~9670–9680 eV are likely to result from minor shifts in the
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(a) (b)
Comparison of the background subtracted k3-weighted EXAFS data
(upper panels) and their Fourier transforms (lower panels) of BSOD.
(a) A comparison between the oxidized (solid line) and reduced
(dashed line) copper K-edge data, showing a significant change in
amplitude between the two spectra. (b) A comparison between the
oxidized (solid line) and reduced (dashed line) zinc K-edge data,
suggesting little or no change in the two zinc sites.
orientation of the ligands and not from major differences
in zinc coordination.
Figure 3a compares the copper K-edge k3 weighted raw
EXAFS data of oxidized and reduced BSOD, showing 
that significant differences in phase and amplitude exist
between them. This observation is consistent with the
XANES data in suggesting a major change in copper site
coordination upon reduction. In contrast, the zinc K-edge
EXAFS data (Fig. 3b) is essentially identical for both oxida-
tion states, showing that the zinc coordination is unaltered. 
Oxidized BSOD: the copper and zinc site structures
Simulation of the EXAFS data required the presence of
multiple shells of scatterers at approximately 2Å, 3Å and
4Å from the copper, corresponding to the three shells of
atoms belonging to the imidazole group [27]. The best sim-
ulation of copper EXAFS data was obtained using four imi-
dazole groups at 1.99±0.02Å together with a low Z ligand
(assigned as oxygen) at 2.18±0.03Å (Fig. 4; Table 1). The
requirement to include a low Z ligand in the first shell was
tested by comparing the best constrained fit with only four
imidazole groups (FI=0.40, Rexafs=24.2%) with the best
constrained fit with four imidazoles and a low Z ligand
(FI=0.28, Rexafs=20.9%). The refined parameters are
shown in Table 1.
The zinc EXAFS is best simulated by three imidazole
groups at 2.01±0.02Å together with a low Z ligand
(assigned as oxygen, from aspartate) at 1.96±0.01Å (Fig. 5;
Table 2). The aspartate residue was fitted as a group of
three atoms, a carbon and two oxygens. This model is in
good agreement with the zinc site structure determined
from X-ray crystallography and with the earlier EXAFS
study on freeze dried BSOD, which gave a coordination 
of three imidazoles at 2.01Å and 1O at 2.04Å [13]. 
Reduced BSOD: the copper and zinc site structures
As shown in Figure 3b, there is little change in the zinc site
upon reduction. This is confirmed by simulation, which
shows the change (0.01Å) in the zinc–histidine bonds to 
be within the expected experimental and fitting errors
(Table 2). By contrast, the decrease in the amplitude of the
copper K-edge EXAFS upon reduction of the enzyme
(Fig. 3a) suggests a decrease in the copper coordination
number. A detailed analysis shows that the reduced copper
site possesses only three inner shell histidine ligands at
1.97±0.02Å (Fig. 6). A contour map (Fig. 7) obtained by
varying the first shell distance (R1) against coordination
number (N1), calculated with multiple scattering from all
of the imidazole atoms, shows a clear minimum in the FI
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Figure 4
Simulation (dashed line) of the copper K-edge k3-weighted EXAFS
(solid line) of oxidized BSOD. The lower panel shows the
corresponding Fourier transforms.
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Table 1
Copper K-edge EXAFS parameters for oxidized and reduced
BSOD.
R (Å)* 2s2 (Å2) θ (°) f (°)
Oxidized
4N (Imidazole) 1.99 0.006 90.0 0.0
4C (Imidazole) 2.92 0.011 94.7 337.9
4C (Imidazole) 3.01 0.011 95.6 21.1
4N (Imidazole) 4.06 0.018 99.6 349.3
4C (Imidazole) 4.16 0.018 100.0 9.1
1O (Water) 2.18 0.021
Reduced
3N (Imidazole) 1.97 0.006 90.0 0.0
3C (Imidazole) 2.91 0.011 90.9 338.1
3C (Imidazole) 3.00 0.011 91.2 20.9
3N (Imidazole) 4.10 0.018 91.8 349.0
3C (Imidazole) 4.19 0.018 92.0 8.6
Refined parameters are shown in bold. *R is the distance of atoms
from copper.
for 2.9 histidines at 1.97Å. If the coordination number is
fixed to the nearest integral number then the best fit is
obtained using the parameters shown in Table 1. 
An empirical check of the consistency of the EXAFS bond
length and coordination number with oxidation state is pro-
vided by the ‘bond valence sum’ (BVS) method [30–33].
This method predicts a value of 1.1 for the oxidation state
of the copper metal for three nitrogens at 1.97Å. The
EXAFS analysis cannot determine which histidine residue
is lost from the coordination sphere but the weight of other
spectroscopic evidence implicates the bridging imidazole,
and is in full accord with the crystallographic structure of
yeast CuZn SOD [23]. 
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Table 2
Zinc K-edge EXAFS parameters for oxidized and reduced BSOD.
Oxidized Reduced
R (Å)* 2s2 (Å2) R (Å) 2s2 (Å2)
1O (Asp) 1.96 0.007 1.94 0.006
1O (Asp) 2.69 0.013 2.75 0.013
1C (Asp) 2.78 0.013 2.75 0.013
3N (Imidazole) 2.01 0.003 2.02 0.004
3C (Imidazole) 2.96 0.010 2.95 0.010
3C (Imidazole) 3.02 0.010 3.06 0.010
3N (Imidazole) 4.15 0.017 4.15 0.017
3C (Imidazole) 4.21 0.017 4.25 0.017
*R is the distance of atoms from zinc.
Figure 5
Simulation (dashed line) of the zinc K-edge k3-weighted EXAFS (solid
line) of oxidized BSOD. The lower panel shows the corresponding
Fourier transforms.
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Figure 6
Simulation (dashed line) of the copper K-edge k3-weighted EXAFS
(solid line) of reduced BSOD. The lower panel shows the
corresponding Fourier transforms.
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If the copper K-edge EXAFS is modelled with an addi-
tional oxygen (from water) or nitrogen/carbon (from the
displaced histidine) the best fit is obtained with a
Cu–O/N/C distance of ~2.40Å and a Debye-Waller factor
of 0.03Å2. The large value of the Debye-Waller factor is
consistent with the absence (or highly disordered nature)
of oxygen or the fourth histidine from the immediate coor-
dination sphere of copper. 
Structure of the binuclear site during catalysis
The gross features of the metal sites of oxidized BSOD, as
determined by this and earlier EXAFS studies, are in
agreement with the generally accepted view: that the oxi-
dized enzyme has copper coordinated by four histidines
and a water molecule while the zinc is four coordinate
(three histidines and an aspartate). Crystallographic studies
of oxidized CuZn SODs show the position of the apically
coordinated water molecule at ~2–3Å from the copper ion
(Table 3). The variability in the water position may reflect
a number of contributing factors, including data quality,
crystal quality and differences in refinement protocols [34].
The highest resolution crystallographic structure for an oxi-
dized CuZn SOD is that of the protein from Xenopus laevis
at 1.5Å resolution [16], which has the average Cu–O(water)
distance at 2.37Å. Previous EXAFS studies of BSOD 
have put this shell at 2.24±0.03Å [14,15]. The present
study yields an average Cu–O(water) distance of 2.18Å. A
Debye-Waller factor of 0.021Å2 for this ligand indicates a
significant degree of disorder (>0.1Å) for this bond.
On reduction of CuZn SOD, the copper site is severely
perturbed whilst the zinc site is effectively unchanged.
EXAFS studies on reduced BSOD have consistently
demonstrated that a radical change occurs at the copper
site upon reduction [12,14] and the present work confirms
that the reduced copper site is three coordinate. This is
consistent with the crystallographically determined struc-
ture of the binuclear site of the reduced yeast CuZn SOD
[23] (Fig. 1). The crystal structure of reduced BSOD [22]
is at variance with the overwhelming evidence of the three
coordinate copper site in the reduced enzyme. The reason
for this discrepancy is not known as the resolution of this
structure is good (1.9 Å), the crystal is certainly of reduced
enzyme, given the lack of EPR signal, and the refinement
appears to have been done carefully [22]. This raises a
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Figure 7
Contour plot of number versus distance for the coordination of
histidines to reduced BSOD. The plot was calculated using the data
shown in Figure 6. The minimum and maximum contour levels (fit
indices) are 0.66 and 8.11, respectively.
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Table 3
Crystallographic and XAFS distances for the copper site of CuZn SODs.
Crystallographic XAFS
Xenopus SOD Bovine SOD Yeast SOD Bovine SOD
Oxidized* Oxidized† Reduced†† Oxidized§ Reduced‡ Oxidized Reduced#
Cu–His44 1.99 1.99 2.15 1.86 2.06, 1.98, 2.11 1.99 1.97
Cu–His46 2.19 2.12 2.21 2.22 2.06, 2.19, 2.07 1.99 1.97
Cu–His61 2.08 2.10 2.17 2.17 3.16, 2.93, 3.16 1.99 –
Cu–His118 2.09 2.05 2.14 2.16 2.10, 2.09, 2.11 1.99 1.97
Cu–water 2.37 3.00 2.57 2.03 –  , 3.15,  – 2.18 –
Resolution 1.5 2.0 1.9 2.5 1.7 – –
All distances and crystallographic resolutions are given in Å. *Values
are from [11]; †values are from [6]; distances are averages of subunits
A and B. ††Values are from [22]; §values are from [9]; distances are
averages over the four molecules of the unit cell (as given by [23]);
‡values from [23]. #XAFS shows the loss of one histidine in the Cu(I)
coordination sphere but cannot determine which one; we have
removed residue His61 for consistency with the yeast SOD crystal
structure. A low Z contribution can be accommodated at 2.4 Å with a
large 2s2 of 0.03 Å2, compared to 0.006 Å2 observed for N (histidine)
(see text).
general concern and points to the difficulties of studying
enzyme catalysis in protein crystals and the general desir-
ability of combining different structural techniques, for
example single crystal and solution XAFS studies and
protein crystallography in the case of metalloenzymes. 
Biological implications
The partial reduction of dioxygen in cells leads to the
production of toxic superoxide radicals. Cells are pro-
tected from the effects of these radicals by the enzyme
copper–zinc superoxide dismutase (CuZn SOD). The
catalytic mechanism of CuZn SOD proposed by Tainer
et al. in 1983 [7] had been supported by the majority of
structural and spectroscopic studies until 1994. Key ele-
ments of the proposed mechanism were the presence of
three-coordinate Cu(I) and breaking of the imidazolate
bridge to copper upon reduction. Early extended X-ray
absorbtion fine structure (EXAFS) studies provided the
much needed structural evidence for the proposed three-
coordinate copper in the reduced state. This evidence
was recently challenged by a crystallographic study at
1.9Å resolution [22], where no change at the copper site
was observed and strong evidence for a five-coordinate
copper site in the reduced enzyme was provided. In con-
trast, a crystallographic study [23] of yeast CuZn SOD
at 1.7Å has confirmed the breaking of the copper–His63
bond in reduced crystals. 
This work presents the results of an XAFS study of the
copper and zinc sites of oxidized and reduced BSOD.
We find no evidence to support the existence of a five
coordinate reduced copper which is central to the mech-
anism proposed by Osman and Basch [17] and sup-
ported by the crystallographic study by Rypniewski et al.
[22]. The EXAFS data clearly show that upon in vitro
reduction copper loses one histidine ligand from the
inner shell and becomes three coordinate, with negligible
change in the zinc site structure. The existence of this
three-coordinate cuperous ion demonstrates that it is a
key step of the catalytic cycle. Therefore, the results of
this EXAFS study and the crystallographic study of
Ogihara et al. [23] unambiguously support the mecha-
nism proposed by Tainer et al. [7].
Materials and methods 
Preparation of oxidized and reduced BSOD
BSOD was obtained as a lyophilized powder (activity 3000Umg–1) from
Boehringer Mannheim, UK and used without further purification. Reduced
BSOD was prepared in the following buffer systems: 50mM Tris(hydrox-
ymethyl)aminomethane hydrochloride (Tris-HCl) pH7.5; 50mM potas-
sium phosphate pH7.7; and 50mM sodium borate pH8.0. The final
buffer exchanges were performed using NAP5 columns (Pharmacia
Biotech) followed by concentration in centricon-10units (Amicon Ltd). A
portion of BSOD in 50mM Tris-HCl pH7.5 was removed prior to addition
of reductant to provide an oxidized sample. Protein concentrations were
determined prior to reduction from the extinction coefficient at 680nm
(300M–1 cm–1). Each reduced sample was prepared anaerobically by 
the addition of a slight stoichiometric excess of sodium dithionite. Full
reduction was confirmed both by observing the bleaching of the charac-
teristic blue/green colour and by subsequent examination of the X-band
EPR spectra of the oxidized and reduced samples. These were recorded
on a JEOL RE2X spectrometer equipped with a variable temperature
liquid nitrogen cryostat. Data were acquired on a BBC Archimedes 410
computer running software provided by JEOL UK/ J Smith (Newcastle
University). 
Samples were then loaded into Perspex XAFS cells, with Mylar windows
with dimensions 3 × 20 × 1.5mm (height × width × depth), and frozen in
liquid nitrogen prior to XAFS data collection. The concentration of the
XAFS samples were as follows: 4.4mM oxidized BSOD in 50mM Tris-
HCl pH7.5 and 4.3mM reduced BSOD for all three buffer conditions.
XAFS data collection
The copper K-edge and zinc K-edge XAFS data were recorded in the
fluorescence mode on station 9.2 with a Si(220) monochromator at the
SRS, Daresbury Laboratory, UK, under operating conditions of 2GeV
and average current 250 mA. The monochromator was calibrated
against a copper foil where the first feature of the absorption edge was
set to 8982 eV. Harmonic rejection was set to 50%. A 13 element Ge
solid-state detector (Canberra) was used to collect the fluorescence
signal after calibrating with a solution of 5 mM CuSO4 (for the copper
K-edge) or Zn(NO3)2 (for the zinc K-edge data). Measurements were
taken at 77K. An average of seven scans were collected from each
sample at both absorption edges. The X-ray beam dimensions on the
sample were approximately 12 × 2.5 mm (width × height) for EXAFS
scans and 12 × 1 mm for XANES scans.
XAFS data processing and analysis
Data sets were averaged using the program EXCALIB [35]. Back-
ground subtraction and normalization of the averaged data was per-
formed using the program EXBACK [35]. The program EXCURV92
[26] was used to analyze the EXAFS data using fast curved wave
theory including up to third order multiple-scattering contributions.
Constrained refinement [26] was employed to increase the degree of
determinacy of the fits and to keep the geometry of multiple-scattering
units (imidazole and aspartate) close to those of model compounds. All
data sets were refined using this method of refinement. The metal
ligands were treated as idealized rigid bodies with positional parame-
ters in polar coordinates (r, θ, f) which define the metal–ligand dis-
tances and orientations. The angle θ defines the position of a scattering
atom relative to the x–y plane, f defines its position about the z axis.
Each atom of a scattering unit (ligand) is assigned θ, f values. These
values may change during refinement but the constraints act to main-
tain the overall idealized geometry of the unit. 
Thus, for histidine residues an idealized ring geometry was used to
define the initial multiple-scattering unit. Intra-ring distances were
derived from a comprehensive study by Orpen and co-workers [36]
and bond angles were obtained from model compounds using the
Chemical Database Service at Daresbury [37,38]. For multiple-scatter-
ing units at the same first shell distance the contribution of a single unit
was calculated and summed for the appropriate number of ligands. The
multiple-scattering units were initially defined to lie in the x–y plane
(θ = 90°) and coplanar to the metal. It was assumed that the magnitude
of the Debye-Waller terms for the imidazole rings would increase with
distance and atoms within rings at similar distances from the metal
were assigned the same value. Thus the Debye-Waller terms for the
outer shells of imidazole rings were refined as pairs. The internal geom-
etry of the imidazole ring was kept fixed and its position, relative to the
metal atom, was defined by the position of the first shell nitrogen and
the two angular parameters [26]. 
The initial model used to begin the refinement of the copper K-edge
EXAFS of oxidized BSOD was based on the coordination environment
indicated from both crystallography [6–11] and EXAFS [13–15] (i.e.
four equidistant imidazole groups and an additional low Z ligand
[water] at ~2 Å). The parameters refined during constrained refinement
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were: the distances of the low Z ligand (i.e. the Cu–O bond) and imida-
zole group (i.e. the Cu–N bond); two angular parameters associated
with the imidazole group [26]; the Debye-Waller terms for each shell
(with paired Debye-Waller terms for equidistant shells within the imida-
zole group); and the photoelectron energy threshold. This resulted in
nine refinable parameters. A similar procedure was adopted to fit the
EXAFS spectrum of the reduced enzyme (seven refinable parameters)
and the Zn K-edge EXAFS, where the aspartate group was also
included (11 refinable parameters). Further details of this procedure
are given in references [26,39].
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